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ABSTRACT 
 
The flexural capacity of of a new cold-formed hollow flange channel section known 
as LiteSteel beam (LSB) is limited by lateral distortional buckling for intermediate 
spans, which is characterised by simultaneous lateral deflection, twist and web 
distortion. Recent research has developed suitable design rules for the member 
capacity of LSBs. However, they are limited to a uniform moment distribution that 
rarely exists in practice. Many steel design codes have adopted equivalent uniform 
moment distribution factors to accommodate the effect of non-uniform moment 
distributions in design. But they were derived mostly based on the data for 
conventional hot-rolled, doubly symmetric I-beams subject to lateral torsional 
buckling. The effect of moment distribution for LSBs, and the suitability of the 
current steel design code rules to include this effect for LSBs are not yet known. This 
paper presents the details of a research study based on finite element analyses of the 
lateral buckling strength of simply supported LSBs subject to moment gradient 
effects. It also presents the details of a number of LSB lateral buckling experiments 
undertaken to validate the results of finite element analyses.  Finally, it discusses the 
suitability of the current design methods, and provides design recommendations for 
simply supported LSBs subject to moment gradient effects. 
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INTRODUCTION 
 
LiteSteel beam (LSB) is a new cold-formed high strength and thin-walled steel 
section developed by Smorgon Steel Tube Mills, using its patented dual electric 
resistance welding and automated continuous roll-forming techniques. This section 
has a unique mono-symmetric channel shape comprising two rectangular hollow 
flanges and a slender web (Figure 1), and is currently being used as flexural members 
in the light industrial, commercial and domestic markets. The section depth and flange 
width of LSB sections vary from 125 to 300 mm (125, 150, 200, 250 and 300) and 45 
to 75 mm (45, 60 and 75), respectively. Flange height is one third of flange width for 
all the sections with their thicknesses varying from 1.6 to 3.0 mm (1.6, 2.0, 2.5 and 
3.0). Available LSB sections are identified by the section depth, flange width and 
thickness, for example, 300x60x2.0LSB (SSTM, 2005). 
 
Recent research has identified that the structural performance of LSBs for 
intermediate spans is governed by their lateral distortional buckling (LDB) behaviour 
as shown in Figure 1(a) (Mahaarachchi and Mahendran, 2005a). Under flexural 
action, the presence of two stiff hollow flanges and a slender web leads to this 
buckling mode for which a web distortion occurs in addition to the lateral deflection 
and twist that occur in the common lateral torsional buckling (LTB) mode (see Figure 
1(b)). This therefore reduces its buckling resistance to be lower than that based on 
lateral torsional buckling. Nevertheless, long span LSBs are governed by lateral 
torsional buckling modes as for other open steel sections. Mahaarachchi and 
Mahendran (2005b) developed design rules that allow the effects of lateral 
distortional buckling in the member moment capacity of LSBs, which have been 
adopted in the Design Capacity Tables for LiteSteel Beams and in AS/NZS 4600 (SA, 
2005). However, they are limited to a uniform bending moment distribution. Accurate 
assessment of moment distribution is important as a uniform moment condition rarely 
exists in practice despite being the worst case due to uniform yielding across the span.  
 
Many steel design codes have adopted equivalent uniform moment distribution factors 
to allow for the effects of non-uniform moment distributions on member strength. But 
they were derived mostly based on the data for conventional hot-rolled, doubly 
symmetric I-beams subject to lateral torsional buckling. In contrast, LSBs are made of 
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high strength steel and have a unique mono-symmetric cross-section with specific 
residual stresses and geometric imperfections along with a unique lateral distortional 
buckling mode. The moment distribution effects for LSBs, and the suitability of the 
current steel design code rules to accommodate these effects for LSBs are not yet 
known. This research study was undertaken to investigate the effects of non-uniform 
moment distribution of moment gradient shown in Figure 2 on the lateral buckling 
strength of simply supported LSBs using finite element analyses. Limited lateral 
buckling experiments of LSBS were also undertaken to validate the finite element 
models of LSBs used here. Comparison of results with the current steel design code 
rules was also made to develop suitable design recommendation for LSBs subject to 
moment gradient effects. This paper presents the details of this study and the results. 
 
CURRENT DESIGN CODES 
 
Tables 5.6.1 of Australian steel structures design code, AS4100 (SA, 1998), provides 
an equation of equivalent uniform moment factor or moment modification factor (m) 
for beams subject to moment gradient effects: 
 
5.23.005.175.1 2   m       (1) 
where  is the ratio of the two end moments (Figure 2). Alternatively, AS4100 also 
allows a simple approximation using Equation 2 that applies to any bending moment 
distribution shown in Figure 3. 
 
       5.27.1 242322  MMM M mm       (2) 
Where 
Mm = maximum design bending moment in the segment 
M2, M4  = design bending moments at the quarter points of the segment and 
M3 = design bending moment at the midpoint of the segment 
 
American steel structures design code, ANSI/AISC 360 (AISC, 2005) also provides a 
general equation of moment modification factor (Cb) for various shapes of bending 
moment distribution (see Figure 3) based on Kirby and Nethercot (1979). 
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British steel structures design code, BS5950-1 (BSI, 2000) provides a general 
equation of moment modification factor (mLT) analogous to the AISC equation. 
 
44.015.05.015.02.0
max
432 
M
MMMmLT     (4) 
 
AS4100, ANSI/AISC 360, and BS5950-1 are for hot-rolled steel structural design. 
The cold-formed steel structural design codes generally adopt the equivalent uniform 
moment factor used in the hot-rolled steel design codes although there is limited 
research in this area. Pi et al. (1998) showed that moment modification factors in 
AS4100 are reasonably accurate (conservative) for cold-formed channel sections 
while Pi et al. (1997) demonstrated that they are adequate for cold-formed doubly 
symmetric hollow flange beams subject to lateral distortional buckling except for 
beams with low modified slenderness. However, Pi et al. (1999) reported that AS4100 
moment modification factors are not accurate for cold-formed Z-sections. 
Kitipornchai et al. (1986), Kitipornchai and Wang (1986), Helwig et al. (1997), and 
Lim et al. (2003) also showed that the accuracy of moment modification factors 
varied depending on the section geometry of even the hot-rolled sections such as 
mono-symmetric I-beams and Tee beams.  
 
The cold-formed steel design code, BS5950-5 (BSI, 1998), provides a moment 
modification (Cb) equation for beams subjected to moment gradient, which is similar to 
the αm equation given in Table 5.6.1 of AS4100 (Eq.1 above with a limit of 2.3). The 
American (AISI, 2004) and Australian cold-formed steel design codes (SA, 2005) provide 
a moment modification (Cb) equation that is similar to the American code for hot-rolled 
steel sections (Eq. 3 above). However, the equivalent uniform moment factors are used 
differently in design. Hot-rolled steel codes apply them directly to the member 
moment capacity Mb, (ie. αm Mb) whereas cold-formed steel codes apply them to the 
elastic buckling moment Mcr (ie. Cb Mcr). This elastic buckling moment (Cb Mcr) is 
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used to determine the modified member slenderness, which is then used to determine 
the member capacity Mb in cold-formed steel codes. According to Trahair (1993), the 
latter method is more conservative and does not take into account the important effect 
of localized yielding in inelastic buckling. 
 
FINITE ELEMENT MODELLING 
 
A nonlinear inelastic finite element model of LSB was developed using ABAQUS 
(HKS, 2005), which was a modification of the earlier model developed by 
Mahaarachchi and Mahendran (2005a). It accounts for significant LSB behavioural 
effects of material inelasticity, buckling deformations that include local buckling and 
web distortion, member instability, initial geometric imperfections, and residual 
stresses. 
 
ABAQUS S4R5 shell element was selected for the finite element modelling of LSB 
as it is capable of providing sufficient degrees of freedom to explicitly model 
buckling deformations and spread of plasticity effects. This element is a thin, shear 
flexible, isoparametric quadrilateral shell with four nodes and five degrees of freedom 
per node, utilizing reduced integration and bilinear interpolation schemes. An element 
size of 5 mm for both the flanges and web of LSB was required to represent the 
spread of plasticity, residual stress distribution and buckling deformation, while an 
element length of 10 mm was used in the longitudinal direction to provide adequate 
accuracy (Figure 4). The small curved corners of LSB sections were not modelled in 
this study. The ABAQUS classical metal plasticity model was used to include the 
material non-linearity effects. This model implements the von Mises yield surface to 
define isotropic yielding and associated plastic flow theory, i.e. as the material yields, 
the inelastic deformation rate is in the direction of the normal to the yield surface. A 
perfect plasticity model based on a simplified bilinear stress-strain curve without 
strain hardening was assumed in the finite element model of LSB as it was sufficient 
for members subject to a dominant failure mode of lateral buckling. 
 
The LSB is manufactured from a single base steel, but because of the cold-forming 
process, the flanges have a higher yield stress (fy) than the web. The nominal yield 
stresses given in the LSB specification were adopted in the non-linear analyses, i.e. 
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yield stresses of 380 and 450 MPa for the web and flanges, respectively. These values 
were also confirmed by the tensile coupon tests undertaken by Mahaarachchi and 
Mahendran (2005c). Other LSB steel mechanical properties were taken based on the 
manufacturer’s specification, i.e. the Young’s Modulus of Elasticity of 200 GPa and the 
Poisson’s Ratio of 0.25. 
 
Figure 4 shows the load and boundary conditions used to simulate the required simply 
supported conditions and the applied end moments. An ideal simply supported 
condition was used in this study. It was defined as both ends fixed against vertical 
deflection, out-of plane deflection and twist rotation, but unrestrained against in-plane 
rotation, minor axis rotation and warping displacement, while only one end is fixed 
against longitudinal horizontal displacement. The pin support (at one end) was 
modelled by using a single point constraint (SPC) of “1234” applied to the node at the 
middle of the web element, while the degrees of freedom “234” of the other nodes 
were restrained. To simulate the roller support at the other end, all the nodes’ degrees 
of freedom “234” were restrained. The degrees of freedom notation “123” 
corresponds to translations in x, y and z axes whereas “456” relates to rotations about 
x, y and z axes, respectively. The applied end moment was simulated with linear 
forces applied at every node of the beam end, where the upper part of the section was 
subject to compressive forces while its lower part was subject to tensile forces (see 
Figure 4). The required uniform moment distribution and moment gradient effect 
were achieved by applying equal end moments, and unequal end moments based on 
selected end moment ratios (), respectively.  
 
Two methods of analysis were used, elastic buckling and non-linear static analysis. 
Elastic buckling analysis was used to determine the moment modification factors 
while the non-linear analysis was used to investigate the effects up to the ultimate 
moment. The non-linear analysis solution was achieved using the Newton-Raphson 
method, in conjunction with the modified RIKS method and large displacement 
theory. 
 
Mahaarachchi and Mahendran (2005c) measured the geometric imperfections of a 
range of LSB sections and reported that the local plate imperfections are within the 
manufacturer’s fabrication tolerance limits while the overall member imperfections 
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are less than L/1000 (AS4100 fabrication tolerance). This initial imperfection of 
L/1000 was conservatively adopted in the finite element models of LSBs subject to 
lateral buckling. The initial imperfection shape was introduced by ABAQUS 
*IMPERFECTION option with the buckling eigenvector obtained from an elastic 
buckling analysis. Hence the corresponding twist imperfection was also included in 
the analysis. Since LSB is a mono-symmetric section, the direction of initial 
imperfection may affect its out of plane bending strength. The lateral displacement in 
the direction to the right hand side of the section with clockwise twist was considered 
positive while the opposite was considered as negative as shown in Figure 5. 
Preliminary non-linear static analyses showed that the positive initial imperfection 
always provides higher ultimate strengths of LSBs than the negative initial 
imperfection. Therefore the negative initial imperfection was adopted in this study in 
order to obtain a lower bound solution. 
 
Mahaarachchi and Mahendran (2005c) determined the residual stresses of LSB 
sections using tests based on sectioning method. They developed a simplified and 
approximate residual stress distribution model shown in Figure 6 based on measured 
values. This residual stress model was included in the finite element model using the 
ABAQUS *INITIAL CONDITIONS (TYPE = STRESS) option. The initial stresses 
were created using the SIGNI Fortran user subroutine. The varying flexural residual 
stresses through the thickness were applied as a function of the integration point 
numbers through the thickness. To allow equilibration of the initial stress field before 
starting the response history, it was applied in a *STATIC step with no loading and 
the standard model boundary conditions. No attempt was made to eliminate any 
deformations caused by residual stresses. 
 
Three LSB sections, LSB125x45x2.0, LSB300x75x3.0 and LSB250x60x2.0, were 
investigated to include the effect of section geometry. Based on AS4100 (SA, 1998) 
rules, they are classified as compact, non-compact and slender sections, respectively. 
The beam lengths were also varied from intermediate to long spans to observe the 
relationship of lateral buckling modes (LDB versus LTB) to the loading conditions. 
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VALIDATION OF THE FINITE ELEMENT MODEL 
 
The developed finite element model of LSB was able to simulate the three distinct 
buckling modes of local buckling for short spans, lateral distortional buckling for 
intermediate spans and lateral torsional buckling for long spans as shown in Figure 7 
(a). To verify the accuracy of the adopted finite element type, mesh density, loading 
and boundary conditions, the elastic buckling analyses using the finite element model 
for LSBs subject to a uniform moment were compared with the solutions obtained 
from finite strip analyses based on THINWALL (Hancock and Papangelis, 1994) and 
the equation for elastic lateral distortional buckling moment (Mod) developed by Pi 
and Trahair (1997) as follows: 
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Where the approximate effective torsional rigidity (GJe) is given by: 
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EIy = minor axis flexural rigidity 
EIw = warping rigidity 
JF = torsion constant for a single hollow flange 
d1 = depth of the flat portion of the web 
t = thickness 
L = beam length 
 
Figure 7 (b) compares the elastic buckling moment versus span curves as predicted by 
finite element analyses (FEA), THINWALL and Mod equation (Eq.5). It shows that 
FEA results agree well with the results from both THINWALL and Mod equation, 
with an average difference of less than 2% and 3%, respectively. For short span LSBs, 
both FEA and THINWALL predicted local buckling as the critical buckling mode 
(precedes lateral distortional buckling). LSB250x60x2.0 and LSB300x75x3.0 are 
subjected to local buckling when the span is between 1.0 and 1.5m or less while for 
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LSB125x45x2.0 the relevant span is between 0.3 and 0.75m or less. The elastic lateral 
distortional buckling moment can be obtained from THINWALL for short span LSBs, 
but this was not feasible in FEA. Therefore finite element analyses were only used to 
investigate the moment distribution effect for LSBs in the intermediate to long span 
range. Nevertheless, these comparisons indicate that the developed finite element 
model is sufficient to predict the elastic buckling moments for all the buckling modes 
associated with LSB sections, i.e. local buckling, lateral distortional buckling and 
lateral torsional buckling modes. The accuracy of the non-linear static finite element 
analysis with the adopted residual stresses model and initial geometric imperfection 
was confirmed through the comparison of results with the experimental studies. This 
will be discussed in a later section of this paper. 
 
FINITE ELEMENT ANALYSIS RESULTS AND DISCUSSIONS 
 
Elastic Buckling Analysis Results and Discussions  
 
Finite element analyses were conducted for LSBs with a moment gradient that varied 
from -1.0 (uniform moment) to 1.0 at intervals of 0.2.  The elastic buckling 
moment results under these moment gradients were used to calculate the equivalent 
uniform moment or moment distribution factor (m), defined as the ratio of the elastic 
lateral buckling moment for non-uniform moment conditions to that for uniform 
moment conditions (Mod-non/Mod). The calculated moment distribution factors (m) are 
plotted in Figure 8 and grouped according to the two main lateral buckling modes, 
lateral torsional buckling (LTB) and lateral distortional buckling (LDB). Depending 
on the beam slenderness, deformations in some of the LDB cases approach that of 
LTB, and hence they are plotted separately as LDB with less web distortion. Figure 8 
shows that the moment gradient action increases the lateral buckling strength of 
LSBs, ie. m factor is greater than 1.0 with increasing . However, the moment 
gradient benefit is reduced in some cases as indicated by the skewed m curve in 
Figure 8. The moment gradient action effectively reduces the effective length of the 
beam to increase the lateral buckling strength, but in turn it also increases the 
likelihood of local buckling becoming the critical mode. Thus the presence of the 
skewed m curve indicates that they have already reached the critical local buckling 
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mode and does not contribute to the variation of moment gradient effects. This 
limiting effect was generally seen in the case of LSBs with short to intermediate spans 
and those with intermediate spans and a high positive end moment ratio (). As the 
purpose of m factor is for pure lateral buckling, the results affected by the local 
buckling mode were not considered. 
 
The elastic lateral distortional buckling moment (Mod) given in Equation 5a can be 
written as; 
 222 1 eeyod KL GJEIM         (6a) 
where; 
22 / LGJEIK ewe         (6b) 
     
Ke is a modified torsion parameter which expresses not only the torsion component of 
lateral buckling but also the web distortion. Low Ke value means high beam 
slenderness and vice versa. For lateral torsional buckling, it should be noted that the 
same equations are used with the only difference being the use of GJ instead of GJe. 
 
Figure 8 shows that the benefits of moment gradient with high end moment ratios () 
vary in the case of lateral buckling mode. It appears that m factors are unfavourably 
influenced by lateral distortional buckling. The m factor reaches the upper bound 
with high beam slenderness (subject to lateral torsional buckling), but it reduces with 
lower beam slenderness (higher Ke values) due to the increasing level of web 
distortion of lateral distortional buckling, until other buckling modes that precede 
lateral buckling govern (i.e. local buckling). On the other hand, this variation due to 
lateral distortional buckling mode can be considered insignificant. For the moment 
gradient case with  = 0.8, the maximum m factor was approximately 2.6 (with LTB 
mode) and the assumed lower bound was 2.4 (with LDB mode), which is only 7.7% 
difference at the most. While the variation exists for cases with higher values, the 
m factor variation was found to be almost negligible for cases with lower values, 
i.e.  less than 0. 
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Figure 9 compares the m factors based on FEA results and AS4100 (Eq.1 and 2), 
ANSI/AISC 360 (Eq.3) and BS5950-1 (Eq.4). It indicates that the current steel design 
codes do not provide accurate predictions. The comparison also shows that the 
equation from Table 5.6.1 of AS4100 (Eq.1) predicted closer results with the upper 
bound results, implying that it may be only suitable for LSBs subjected to lateral 
torsional buckling. This observation is sensible as this m equation was originally 
developed for lateral torsional buckling. However, it will be shown later in the section 
on the discussion of non-linear analysis results that accurate m factors for design 
purposes are not necessarily important, especially for LSBs with high end moment 
ratios () and low beam slenderness. The m factor variation in the high  cases 
which is “considered small” can be neglected, and the m factors based on the current 
steel design codes may be still appropriate for use in LSB design.  
 
m = 1.7 + 0.86  + 0.16 2 ≤  2.25      (7) 
 
Nevertheless, a more accurate m equation, Equation 7, is developed based on the 
lower bound results from the elastic buckling finite element analyses and is shown in 
Figure 9. This new equation is limited to a maximum m factor of 2.25 as a 
conservative measure, which is close to the limit of 2.27 used in ANSI/AISC 360 and 
BS5950-1. 
 
Non-linear Static Analysis Results and Discussions  
 
Non-linear static finite element analyses of three LSB sections with selected spans 
and two moment gradient cases (Table 1) were conducted to investigate the moment 
gradient effects up to the ultimate strength level. They were also undertaken for the 
uniform moment case and their results were compared with those for the moment 
gradient cases to demonstrate the moment gradient benefits. Table 1 presents the 
ultimate moment capacity results, where Mult and Mult-non are the FEA ultimate 
moment capacities for the basic case (uniform moment) and moment gradient case, 
respectively. They are also presented in a non-dimensionalised format in Figures 10, 
11 and 12, where Mult/My and Mult-non/My are plotted against the modified beam 
slenderness (d=√[My/mMod]). In these calculations, My was taken as the section 
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moment capacity (Ms) because the  LSB sections are fully effective according to the 
Design Capacity Tables of LiteSteel Beams (SSTM, 2005), while the m factors were 
obtained from the elastic buckling analyses reported in the last section. The section 
moment capacities were obtained using AS/NZS 4600 (SA, 2005).  
 
In the hot-rolled steel design codes, the member moment capacities with moment 
gradients (Mult-non) are calculated by multiplying the Mult values with the m factors 
(i.e. Mult-non =m  Mult ≤ Ms). This method was also used and the results are compared 
in Figures 10, 11 and 12. The comparison demonstrates that this method over-predicts 
the moment gradient benefits for LSBs. Although it may not be significant for 
moment gradient cases with low  values as seen in the comparison for = -0.4 cases, 
it overestimates the moment gradient benefits for higher  cases as seen in the 
comparison for  = cases. The overestimation using this method decreases with 
increasing beam slenderness (lateral torsional buckling region). 
 
The above observations can also be demonstrated by a comparison of strength ratios 
(moment capacity ratios based on non-linear ultimate strength behaviour) of Mult-non / 
Mult with the m factor predicted by the new Equation 7 based on elastic buckling 
behaviour. It was found that the strength ratios were often below the m factor 
predicted by Equation 7. 
 
Moment gradient effect based on the non-linear ultimate strength behaviour is usually 
more favourable than that based on the elastic buckling behaviour for conventional I-
beams because in this case the yielding of flanges occurs only within a short region 
closer to the support while the rest remains elastic. This was shown by the stress 
distribution from the FEA of I-beams at failure. Therefore m factors can be applied 
conservatively to the member capacity equation. In contrast, LSBs subjected to a 
uniform moment and lateral distortional buckling mode are generally governed by 
uniform flange yielding along the span as well as some web yielding (on the 
compressive side) due to web distortion effect as evident from the analysis of stresses 
at failure obtained from FEA. While the moment gradient action may confine the 
yielding closer to the support, the FEA results indicate that it is not in a short region 
near the support, and the web yielding appears to be greater. This results in greater 
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strength reduction below elastic buckling strength in comparison to I-beams. These 
yielding effects may explain the reduced moment gradient benefits determined based 
on the non-linear ultimate strength behaviour compared to that based on the elastic 
buckling behaviour. For LSBs with higher beam slenderness where the lateral 
distortional buckling mode changes towards the lateral torsional buckling mode, the 
unfavourable yielding effects, in particular web yielding, are minimised, and hence 
decreases the overestimation using the hot-rolled steel code design method. 
 
On the other hand, the comparison in Figures 10, 11 and 12 clearly imply that the 
other design method of using the m factor as adopted in many cold-formed steel 
design codes is safe for LSBs. It is adequate for LSBs with high beam slenderness 
while being conservative for those with intermediate beam slenderness. In this method 
the elastic buckling moment is multiplied by the relevant m factors (i.e. Mod-non =m  
Mod ≤ Ms) and used in the member moment capacity calculations. Thus, it is 
recommended that the design method used in the cold-formed steel codes is used to 
allow for the moment gradient effects in the design of LSBs. Given its conservatism, 
the use of the design method in the cold-formed steel codes indicates that accurate m 
factors are not necessarily important for design purposes. This means that the 
observed small variations in the m factor in Figures 8 and 9 for the high  cases due 
to lateral distortional buckling can be neglected. Further, accurate m factors are also 
not important for intermediate span LSBs subjected to high end moment ratios () due 
to the limiting effect (upper bound) from the section moment capacity (Ms). All of 
these observations lead to the recommendation that as long as the cold-formed steel 
design code method is adopted, the current m factors (AS4100, ANSI/AISC 360 and 
BS5950-1) as well as the more appropriate m equation (Equation 7) are deemed 
suitable for LSB design purposes.  
 
EXPERIMENTAL STUDIES 
 
Experimental Set-up 
 
A limited number of lateral buckling experiments of LSBs subjected to moment 
gradient was conducted to evaluate and validate the findings from FEA. It was 
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initially proposed to build an experimental set-up that simulates the ideal simply 
supported conditions as adopted in the finite element model of LSBs. However, 
testing a simply supported beam with warping free support conditions and a moment 
gradient loading was not possible. Thus an experimental arrangement of simply 
supported LSB members with short overhangs (Figure 13) was used to produce equal 
or unequal end moments as part of the moment gradient action on a simply supported 
beam. Although this method is commonly used for testing of beams with a moment 
gradient action, it has its shortcoming as it introduces a partial warping restraint due 
to the presence of continuing flanges in the overhangs. Four experiments were 
conducted on 2.5 m span LSB125x45x2.0 and 3.5 m span LSB250x60x2.0 subjected 
to a uniform moment ( = -1) and a moment gradient (= 0). 
 
The test rig used in this study included a frame of two main beams and four columns, 
two smaller frames providing the support system, and the loading system. The support 
and overhang loading systems are shown in Figure 13. The support system was 
designed to ensure that the test beam was simply supported in-plane and out-of-plane 
at the supports by restraining the in-plane vertical deflections, out of plane deflections 
and twist rotations, but permitting major and minor axis rotations. The in-plane 
vertical movements and lateral movements were prevented by the running tracks and 
side guides. The box-frames with ball bearings were designed to provide major and 
minor axis rotations of the test beam. The side ball bearings allowed major axis 
rotation, whilst the top and bottom ball bearings allowed out of plane rotation and 
differential flange rotations (about the minor axis) associated with the warping 
displacement and rotation. One of the supports (pinned-end) had horizontal stops to 
prevent the movement of the side bearing along the running track. The test members 
included a clamping plate at each support and loading point to prevent web crippling 
and twisting of the cross-section.  
 
The overhang loading system consisted of two hydraulic jacks located at the free end 
of overhang parts and connected to a wheel system, a load cell, universal joints and 
other components. The wheel system allowed the loading arm to move in plane when 
the test beam (overhang part) deformed. The load was applied to the shear centre of 
the test beam through the loading arm and thus eliminated the load height and twisting 
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effects. Only one of the overhang parts was loaded for the test with moment gradient 
( = 0). During the test, the applied load and test beam deformations were measured 
until failure using the load cells attached to the loading arms, and wire potentiometer 
type displacement transducers. 
 
Experimental Results and Discussions 
 
Figure 14 shows typical deformation at failure of tested specimens. The test results 
are summarised in Table 2 and the moment versus vertical deflection at mid-span 
curves are provided in Figures 15 and 16. Finite element models were also developed 
to simulate the tested LSB members (their geometry, loads and constraints). Figure 17 
shows the summary of the applied loads and boundary conditions for the experimental 
finite element model used here. The clamping plates at the supports were modelled as 
rigid body using R3D4 elements, where single point constraints (SPC) of “1234” and 
“234” were applied to the rigid body reference nodes of the pin-end and roller-end, 
respectively. The loading arrangement at the overhang was implemented using a 
concentrated nodal load applied at the cross-section shear centre while simulating the 
bolts using RIGID MPCs. Thicker shell element (i.e. 10 mm) with elastic material 
properties was used to represent the clamping steel plate. Other modelling details (i.e. 
mesh discretization, material properties, residual stresses and initial geometric 
imperfections) were similar to the finite element model of simply supported LSBs 
described in the earlier sections. The initial imperfection direction was based on the 
actual lateral buckling direction reported in Table 2 (which can be either positive or 
negative) as the lateral buckling direction was determined by the initial global 
imperfection.  
 
The test and nonlinear finite element analysis results agree reasonably well as shown 
in Figures 15 and 16. The finite element models might have predicted lower strengths 
as they did not allow for the restraining factors in testing such as friction in the 
support and loading systems and partial restraint from the loading systems. Overall 
this comparison confirms the suitability of the adopted element type and mesh density 
in modelling the lateral buckling behaviour of LSBs including the effects of buckling 
deformations and web distortion, associated material yielding, residual stresses, and 
16 
 
initial geometric imperfections. This therefore implicitly confirms the suitability of 
the finite element model of simply supported LSB used in the earlier sections, 
particularly for nonlinear analysis. 
 
Both the test and FEA results showed that the LSB’s flexural strength (lateral 
distortional buckling) improved under the moment gradient action of = 0. In Table 
3, the moment gradient benefits are presented as strength ratios, ie. ratio of ultimate 
moment capacities for moment gradient and uniform moment distribution (Mult-non / 
Mult). They are compared with the corresponding m factor based on the elastic 
buckling analysis results (Mod-non / Mod). For 2.5m LSB125x45x2.0 tests, the strength 
ratio is not relevant because it is limited by its section capacity while for 3.5m 
LSB250x60x2.0 tests, the strength ratio is less than the m factor. This important 
result is similar to that obtained from the finite element analyses of simply supported 
LSB presented in the previous section. This confirms that the actual moment gradient 
benefit (for high cases) for LSBs subjected to lateral distortional buckling is less 
than that based on elastic buckling analyses. Therefore this experimental outcome also 
supports the recommendation to use the m factor with elastic buckling moments as 
used in the cold-formed steel design codes. 
 
CONCLUSIONS 
 
This paper has described an investigation on the lateral buckling strength of a new 
cold-formed steel beam, LiteSteel Beam, subject to moment gradient effects based on 
detailed finite element analyses. It was found that the strength benefit of moment 
gradient for cases with high end moment ratios ( ≥ 0) is unfavourably influenced by 
lateral distortional buckling. The equivalent uniform moment factor (m) reaches the 
upper bound for LSBs with high beam slenderness (subject to lateral torsional 
buckling), but it reduces with lower beam slenderness due to the increasing level of 
web distortion associated with lateral distortional buckling, until other buckling 
modes that precede lateral buckling govern. The current m equations in AS4100, 
BS5950-1 and ANSI/AISC 360 do not provide accurate predictions. However since 
the conservative method of applying m factor for design in many cold-formed steel 
structures codes was found to be more suitable for LSBs, the use of accurate m 
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factors for design purposes is not important. The current m equations with its 
application in accordance with the method in cold-formed steel codes are therefore 
safe for LSBs, while a more accurate equation has also been developed. Experimental 
studies undertaken to confirm the results of finite element analysis study has also 
supported these design recommendation for simply supported LSBs subject to 
moment gradient effects. 
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  (a) Lateral distortional buckling (LDB)           (b) Lateral torsional buckling (LTB) 
 
Figure 1: Lateral Buckling Modes of Beams 
 
 
 
 
 
 
 
Figure 2: Simply Supported Beam with a Moment Gradient 
 
 
 
 
 
 
 
Figure 3: Moment diagram for Equations (1) to (4) 
Bending moment distribution 
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Figure 4: Finite Element Model of Simply Supported LSB Subject to End 
Moments 
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Figure 5: Positive and Negative Initial Overall Geometric Imperfections 
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(a) Membrane residual stresses   (b) Flexural residual stresses 
 
Figure 6: Residual Stress Distribution Model for LSB Sections  
(Mahaarachchi and Mahendran, 2005c) 
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Local buckling       Lateral distortional buckling          Lateral torsional buckling 
(a) Predicted Buckling Modes of LSB 
 
 
 
(b) Comparison of Elastic Buckling Moments vs. Span from Finite Element Analysis, 
THINWALL and the Mod Equation for LSBs 
Figure 7.  Validation of Finite Element Model 
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Figure 8: m Factors Based on Elastic Buckling Analyses 
 
 
 
Figure 9: Comparison of m Factors Based on Elastic Buckling Analyses and 
Current Design Equations 
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Figure 10: Moment Gradient Effects ( = -0.4 & 0) for Simply Supported 
LSB250x60x2.0 Based on Non-linear Static Analyses 
 
 
Figure 11: Moment Gradient Effects (  = -0.4 & 0) for Simply Supported 
LSB300x75x3.0 Based on Non-linear Static Analyses 
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Figure 12: Moment Gradient Effects (  = -0.4 & 0) for Simply Supported 
LSB125x45x2.0 Based on Non-linear Static Analyses 
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               (a) Support Conditions                                            (b) Loading Details 
 
 
(c) Overhang Loading Method  
Figure 13: Experimental Arrangement 
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Figure 14.  Typical Deformation at Failure (Test 4) 
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Figure 15: Test and FEA Results for 2.5m LSB125x45x2.0 
 
 
 
Figure 16: Test and FEA Results for 3.5m LSB250x60x2.0 
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Figure 17: Applied Loads and Boundary Conditions for the Experimental Finite 
Element Model used in This Research 
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Table 1: Ultimate Moments of Simply Supported LSBs Subjected to Moment 
Gradient Based on Nonlinear Static Analyses  
LSB 
Span 
Ms FEA Ultimate Moment (Mult & Mult-non) 
d x bf x t AS4600  = -1  = -0.4  = 0
(mm) (mm) (kNm) kNm Failure Mode kNm 
Failure 
Mode kNm 
Failure 
Mode 
125 x 45 x 
2.0 LSB 
750 10.90 11.05 VLB 11.63 INB 11.71 INB 
1500 10.90 10.43 LDB 11.55 VLB 11.60 VLB 
2500 10.90 9.20 LDB 11.45 VLB 11.52 VLB 
4000 10.90 7.25 LDB* 9.65 LDB* 11.03 LDB* 
6000 10.90 5.48 LTB 7.43 LTB 8.94 LTB 
10000 10.90 3.83 LTB 5.08 LTB 6.15 LTB 
250 x 60 x 
2.0 LSB 
1500 34.65 25.4 LDB 35.3 INB + nLB 35.5 INB + nLB 
2500 34.65 19.9 LDB 26.7 LDB 31.0 LDB 
4000 34.65 15.9 LDB 21.5 LDB 25.3 LDB 
6000 34.65 12.5 LDB* 17.0 LDB* 20.3 LDB* 
10000 34.65 8.6 LTB 11.7 LTB 14.4 LTB 
300 x 75 x 
3.0 LSB 
1500 76.05 61.1 LDB 78.7 VLB + nLB 79.3 VLB + nLB 
2500 76.05 52.8 LDB 69.5 LDB 78.3 LDB 
4000 76.05 43.6 LDB 58.2 LDB 67.5 LDB 
6000 76.05 34.2 LDB* 46.3 LDB* 54.9 LDB* 
10000 76.05 23.5 LTB 32.3 LTB 39.6 LTB 
LDB*  Lateral distortional buckling mode with negligible web distortion 
nLB  Non-lateral buckling mode (local buckling near the support) 
VLB  Very small lateral bending mode (close to in-plane bending) 
INB  In-plane bending mode 
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Table 2: Summary of Test Results 
Test 
No 
LSB Section 
d x bf x t 
Span Overhang Length Test Type 
Test Results 
Exp Mult* Failure 
Mode Direction (mm) (mm) (mm) (kNm) 
1 
2 
125 x 45 x 2.0 
LSB 
2500 500  = -1 9.6 LDB (+) 
2500 500  = 0 14.1 LDB (-) 
3 
4 
250 x 60 x 2.0 
LSB 
3500 750  = -1 21.1 LDB (-) 
3500 750  = 0 35.5 LDB (+) 
*  Exp Mult = Experimental maximum moment capacity 
 
 
 
 
Table 3: Moment Distribution Effects based on Test and FEA Results 
LSB Section 
Span 
Experimental FEA Results with RS Test Results 
d x bf x t Mod or Mod-
non (kNm) 
m 
Factor
Mult or Mult-
non (kNm) 
Strength Mult or Mult-
non (kNm) 
Strength 
(mm) (mm) Ratio Ratio 
125 x 45 x 2.0 
LSB 
2500 -1 11.71 
1.78 
9.49 
1.44+ 
9.6 
1.47+ 2500 0 20.87 13.67 14.1+ 
250 x 60 x 2.0 
LSB 
3500 -1 24.57 
1.82 
20.49 
1.64 
21.1 
1.68 3500 0 44.84 31.93 35.5* 
+ Limited by its section capacity 
*  Associated with slight over restraining effect (two hydraulic jacks used side by side at the loaded overhang) 
 
 
 
 
 
